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ABSTRACT
Context. Polar ring galaxies (PRGs) are composed of two kinematically distinct and nearly orthogonal components, a host galaxy
(HG) and a polar ring/disk (PR). The HG usually contains an older stellar population than the PR. The suggested formation channel
of PRGs is still poorly constrained. Suggested options are merger, gas accretion, tidal interaction, or a combination of both.
Aims. To constrain the formation scenario of PRGs, we study the compact stellar systems (CSSs) in two PRGs at different evolutionary
stages: NGC 4650A with well-defined PR, and NGC 3808 B, which is in the process of PR formation.
Methods. We use archival HST/WFPC2 imaging in the F450W, F555W, or F606W and F814W filters. Extensive completeness
tests, PSF-fitting techniques, and color selection criteria are used to select cluster candidates. Photometric analysis of the CSSs was
performed to determine their ages and masses using stellar population models at a fixed metallicity.
Results. Both PRGs contain young CSSs (< 1 Gyr) with masses of up to 5× 106M, mostly located in the PR and along the tidal
debris. The most massive CSSs may be progenitors of metal-rich globular clusters or ultra compact dwarf (UCD) galaxies. We identify
one such young UCD candidate, NGC 3808 B-8, and measure its size of reff = 25.23+1.43−2.01 pc. We reconstruct the star formation history
of the two PRGs and find strong peaks in the star formation rate (SFR, '200M/yr) in NGC 3808 B, while NGC 4650 A shows milder
(declining) star formation (SFR< 10M /yr). This difference may support different evolutionary paths between these PRGs.
Conclusions. The spatial distribution, masses, and peak star formation epoch of the clusters in NGC 3808 suggest for a tidally
triggered star formation. Incompleteness at old ages prevents us from probing the SFR at earlier epochs of NGC 4650 A, where we
observe the fading tail of CSS formation. This also impedes us from testing the formation scenarios of this PRG.
Key words. Galaxies: star clusters: general – Galaxies: peculiar – Galaxies: interactions – Galaxies: individual: NGC4650A, NGC3808B
1. Introduction
Understanding the physical processes driving galaxy formation
and evolution over a Hubble time is a key question in astro-
physics. The role of galaxy merging and interaction is one of
the main mechanisms under consideration that shape the evolu-
tionary history of galaxies. Their main manifestation is in the
observed increased galaxy star formation rate (SFR) accompa-
nied by the formation of a significant amount of new stars and
star clusters (SC); (e.g.; Schweizer et al. 1983; Schweizer 1987;
Whitmore et al. 1999; Goudfrooij et al. 2007; Bournaud 2010;
Duc & Renaud 2013). Massive star clusters form in a very short
timescale and all their stars share virtually the same age and
chemical composition. Therefore, individually and as a system,
the SCs’ properties offer one of the best tools to reconstruct the
star formation history of their host Galaxy, which cannot be re-
solved into individual stars (e.g.; Goudfrooij et al. 2001; Puzia
et al. 2002; Hempel et al. 2007; Bastian 2008; Fedotov et al.
2011; Georgiev et al. 2012).
One of the most interesting morphological types of galax-
ies, which bear the signs of intense interactions, are the polar
ring galaxies (PRGs; Whitmore et al. 1990). PRGs have a pecu-
liar appearance characterized by a ring/disk orbiting the central
? Additional e-mail contact: georgiev@mpia.de
galaxy in a nearly orthogonal plane. The host galaxy is typically
a spheroid, but there are cases where it is also a spiral disk (e.g.,
NGC 660; Karataeva et al. 2004b). In some cases, the polar ring
is very extended, two to three times the diameter of the central
galaxy and it is rotating, in which case it is called a polar disk
(e.g, NGC 4650A; Iodice et al. 2006).
Several formation scenarios are proposed for PRGs. The
three main scenarios are: (i) The merger scenario, where at
least one of the galaxies is gas rich and the collision is in a
perpendicular orbit (Bekki 1998; Bournaud & Combes 2003);
(ii) the tidal accretion scenario, where mass is accreted from a
nearby companion (Reshetnikov & Sotnikova 1997; Bournaud
& Combes 2003); and (iii) cold gas accretion from the inter-
galactic medium (Macciò et al. 2006; Brook et al. 2008). Simu-
lations have demonstrated that these scenarios are able to form
stable polar ring structures. However, each individual channel
leads to different and often distinct observable properties, which
can be empirically tested. The aim of this study is to provide con-
straints on models of PRG formation by studying two of these
systems. In particular, the tidal interaction scenario has received
observational support suggesting that it is an effective mecha-
nism to form PRGs, where one of the best examples for PRGs
in the making are NGC 3808A/B and NGC 6285/86, (Reshet-
nikov et al. 1996). Motivated by the fact that galaxy interac-
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tions are often accompanied by the formation of massive star
clusters, we study the star cluster populations of two PRG sys-
tems in apparently different evolutionary stages: NGC 4650A
and NGC 3808B. We find a well-defined polar ring in the for-
mer and one in the making in the latter (see § 2.1 Fig. 1).
The integrated-light properties of star clusters can be used
to reconstruct the galaxy star formation history (SFH). A di-
rect method for deciphering the galaxy SFH is using the rela-
tion between the galaxy SFR and the most massive cluster at a
given epoch (Larsen 2002; Weidner et al. 2004; Maschberger &
Kroupa 2007; Bastian 2008). This method has been successfully
tested by Maschberger & Kroupa (2011) in deriving the SFH of
the Large Magellanic Cloud from the most massive cluster at a
given age, which yields very comparable SFH as derived from
resolved CMD analysis (Harris & Zaritsky 2009). This approach
has received recent attention in reconstructing the SFHs of mas-
sive, post-interacting galaxies from their most massive star clus-
ters at a given age (Georgiev et al. 2012). A number of studies
have shown that, in general, galaxies with higher SFR (or sur-
face SFR, ΣSFR) form more luminous (massive) and, on average,
more star clusters (Meurer et al. 1995; Zepf et al. 1999; Larsen
& Richtler 2000; Bastian 2008; Adamo et al. 2011; Cook et al.
2012), however, these results might be affected by small-number
statistics at the high-mass end of the mass distribution (Whit-
more 2003; Larsen 2004; Bastian 2008). See also a review and
references in Bastian (2013). Here we use the most massive clus-
ter at a given age as a proxy for the epoch of peak SFR in our
sample PRGs. This allows us to gain insights into their evolu-
tionary path and star formation history. Specifically, we use the
peak star formation epochs as a look back time clock to estimate
the age of the event that led to the formation of the outer struc-
ture, i.e., the polar ring. That is, we use the time of peak SFR
and projected distances from the nearest massive galaxy to cal-
culate tangential and orbital velocities and see whether they are
consistent with i) a fly-by tidal interaction or ii) bound orbital
motions.
In § 2 we present the sample PRGs and the reduction of
archival Hubble Space Telescope (HST) imaging data with the
Wide Field and Planetary Camera 2 (WFPC2), the star clusters’
selection, photometry, and completeness tests. In § 3 we anal-
yse, the color-color and color-magnitude diagrams of the cluster
candidates. We discuss the SFHs of the two PRGs in § 3.4 and
what implications our results have on their formation in § 4. Fi-
nally we summarize our findings in § 5.
2. Data sample, image reduction, and photometry
2.1. The sample galaxies
The target galaxies for this study are chosen to be two PRGs,
which appear to be at two different evolutionary stages. This is
evidenced by the amount of structure and brightness of their po-
lar ring. Both systems are located relatively nearby (<100 Mpc)
to facilitate reliable analysis of their most massive (brightest) star
clusters, and imaging is available in the Hubble Space Telescope
(HST) archive.
NGC 4650A is a massive polar disk galaxy (see Fig. 1,
right). It is composed of a puffed up disk with no bulge as a
central host galaxy (HG; Iodice et al. 2002), and a polar struc-
ture that is rotationally supported and has young stellar popula-
tion (PRG catalog; Whitmore et al. 1990). The polar ring has the
characteristic of a disk (Arnaboldi et al. 1997; Iodice et al. 2002).
Iodice et al. (2002) perform a polygon photometry using optical
and near-infrared data to estimate the age of the polar disk of
<0.5 Gyr and an age of 1 – 3 Gyr for the host galaxy in compari-
son with simple stellar population (SSP) models. The metallicity
of the polar disk is Z = 0.2Z ([M/H] =−0.7 [dex]), and is de-
rived from spectroscopic observations (Spavone et al. 2010). The
only previous study of the star cluster population of this galaxy
is by Karataeva et al. (2004a). Their analysis shows that these
stellar systems follow the polar ring and their positions are cor-
related with HII regions. They derive very young ages for the
stellar content of NGC 4650A of up to 22 Myr for an assumed
Z = 0.4Z, from the comparison of photometric colors to SSP
model predictions from the Padova stellar evolution library.
NGC 3808 is a double interacting system between two spiral
galaxies (see Fig. 1, left). The main galaxy is NGC 3808A (face-
on) and its interacting companion is NGC 3808B (nearly edge-
on). The gravitational interaction of the two systems is evidenced
by the tidal bridge via which gas is being transferred from the
spiral arms of NGC 3808A to NGC 3808B. This gas transfer
leads to the formation of a narrow ring around NGC 3808B,
which rotates on a nearly orthogonal plane (spectroscopically
confirmed by Reshetnikov & Yakovleva 1990). The high star for-
mation activity in this system is evidenced by the strong Hα and
infrared emission detected in NGC 3808B (Reshetnikov et al.
1996). They estimate an age for the polar ring of about 1 Gyr.
Fig. 1 F450W (B-band) HST/WFPC2 image of NGC 3808 (left)
and NGC 4650A (right). Selected compact stellar system can-
didates are shown with symbols (see § 2.7). Circles indicate the
candidates detected in three filters, and squares are candidates
detected in two filters (F450W and F555W or F606W).
The general properties of both targets are summarized in
Table 1, along with the properties of the nearby more massive
galaxy, NGC 4650 and NGC 3808A.
2.2. Data and image reduction
We retrieve the data used in this study from the HST science
archive1. The WFPC2 camera consists of four detectors, one
1 http://hla.stsci.edu/
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Table 1 General properties of the studied polar ring galaxies (PRGs) and their neighbor galaxy
(NG).
Property PRG NG a PRG NG a
NGC 4650A NGC 4650 NGC 3808B NGC 3808A
RA [J2000.0] 12:44:49.03 12:44:19.63 11:40:44.64 11:40:44.21
DEC [J2000.0] -40:42:50.6 -40:43:54.0 +22:26:49.0 +22:25:46.3
Db [Mpc] 39.8 39.8 96.8 96.8
m−M b [mag] 33.0± 0.2 33.0± 0.8 34.93± 0.27 34.93± 0.03
υrad
b [km/s] 2908.5± 3.6 2913.3± 14.3 7066± 12 7076± 1.3
LB [L] 2.75× 109 2.05× 1010 9.04× 109 2.4× 1010
B b [mag] 14.72c 12.60 15.50 14.45
I b [mag] 12.72c 10.41 13.59 12.93
Ks d [mag] 11.02 8.56 11.36 11.00
AV e [mag] 0.312 0.324 0.072 0.071
EB−V e [mag] 0.104 0.1 0.023 0.022
Z [Z] 0.2 f − 0.87 h 0.75 h
SFRpolar disk [M/yr] 0.06 f − − −
HI masspolar disk [M] 8×109 g − − −
Total mass PRG h [M] 4.5×1010 5.6×1011 4.1×109 9.4×109
a Neighbor galaxy b From LEDA/NED c Gallagher et al. (2002)
d From 2MASS (Huchra et al. 2012) e Schlafly & Finkbeiner (2011)
f Spavone et al. (2010), for the polar disk g Arnaboldi et al. (1997) h Estimated in this study
high-resolution planetary camera (0.05′′/pixel) and three wide
field detectors (0.1′′/pixel). NGC 4650A and NGC 3808 were
observed as a part of the HST programs GO-8399 and GO-
11092 (PI: Keith Noll), respectively. The GO-8399 program ob-
servations are designed to study the star cluster population of
NGC 4650A. The GO-11092 is a Hubble Heritage program aim-
ing at generating press release images of NGC 3808. Therefore,
the exposure times of the latter are not ideally optimized to meet
any specific criteria, nevertheless, as we show later, they are suit-
able for the goals of the current study.
The WFPC2 observations of NGC 4650A are in three bands,
F450W, F606W, F814W, with total integration time of 7700s,
4803s, and 7660s. NGC 3808 has observations in F450W
(9600s), F555W (4400s) and F814W (4400s). The equivalent
signal-to-noise (S/N) ratio estimated with the WFPC2 expo-
sure time calculator (ETC) 2 is approximately 80 and 20 within
the PSF area, respectively, for an absolute magnitude of MV =
−9.0 mag (see § 2.4). Therefore, the depth and resolution of these
HST images are sufficient to detect and study the photomet-
ric and structural properties of the brightest stellar systems in
these galaxies. One WFPC2 pixel on the wide field camera corre-
sponds to 18.8 pc at the distance of NGC 4650A and 45.8 pc for
NGC 3808. Hence, for objects with S/N > 30 we can potentially
measure sizes down to 10% of the detector PSF, i.e., for WFPC2
> 1.8pix (33.8pc for NGC 3808 and 82.4pc for NGC 4650 A).
Retrieved archival images are processed by the HST
pipeline, which corrects for flat field, bias, and dark. To remove
high-energy cosmic rays from the images, we use the L.A. Cos-
mic IRAF procedure, lacosmic 3 (van Dokkum 2001). This pro-
cedure uses a Laplacian edge detection algorithm to analyze
2 http://www.stsci.edu/hst/wfpc2/software/wfpc2-etc.html
3 http://www.astro.yale.edu/dokkum/lacosmic/
the images and detect cosmic rays based on their sharp edge.
For these highly under sampled HST images, we have carefully
tested the lacosmic parameters to avoid detection by the algo-
rithm of star or clusters tips as cosmic rays.
To register and combine the individual exposures into one
final image with higher signal to noise, we use a custom devel-
oped procedure in IRAF. This procedure is a wrapper for the
geomap, geotran and imcombine IRAF procedures, and it takes a
few stars as reference in one frame to estimate the initial guess
of the offsets between the reference and the rest of the images
in the list. The procedure uses geomap to compute the exact geo-
metric transformation solutions and imcombine is invoked for the
final average combination of all registered exposures, which are
brought to the same zero level as the reference evaluated from
30×30 pixel statistic region away from the galaxies.
We calculate the distance modulus m−M for our sample
galaxies from the median value of the radial velocity measure-
ments from all available and collected in HyperLEDA literature
data. These values are listed in Table 1. Our m−M differs from
the modz value in LEDA because we used the median of all m−M
values, while LEDA uses the mean, which is more prone to bi-
ases if there are outliers.
2.3. Photometry
Object detection in the images is performed with the IRAF
task daophot/daofind. To perform PSF photometry, we generate
a PSF library with the TinyTim software package (Krist et al.
2011a), which creates HST instrument tailored PSF models4. A
4 TinyTim software accounts for variations in the PSF as a function
of wavelength, position-dependent changes of the PSF shape, aberra-
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grid of 10×10 PSFs for each WFPC2 detector are made and used
as a PSF library to perform the photometry with the allstar task.
An important effect of the detector electronics, which needs
to be accounted for, is the charge transfer efficiency (CTE). This
can dim the magnitude by up to 0.2 mag for a low-count rate
source and at low background levels. To correct for CTE, we use
the latest correction coefficients provided together with the pho-
tometric zero points for the four WFPC2 detectors by Dolphin
(2009). Identically to the calibrations performed by the authors,
we measure magnitudes within a radius of 0.5 arcsecond, i.e., an
aperture radius of 5 WF pixels5. The same radius is used to es-
timate the aperture correction (AC) of the PSF magnitudes due
to light loss from the finite size of the PSF model. We estimate
the AC with artificial stars from the artificial star completeness
test (see Sect. 2.4), which allows us to cross-check with AC de-
rived from field stars and obtain a more accurate value. PSF and
aperture photometry of the artificial stars are performed with the
same approach as for the science frames without artificial stars.
To derive the AC, we use the difference between the PSF and
0.5′′ aperture radius photometry.
Finally, we correct the photometry for foreground Galactic
extinction. Extinction values for both galaxies are taken from
the latest Schlafly & Finkbeiner (2011) recalibration of the
Schlegel et al. (1998) dust reddening maps. Reddening values
for the different filters are calculated assuming the Fitzpatrick
(1999) reddening law with RV = 3.1. The foreground extinction
for NGC 3808 are AF450W = 0.089 mag, AF555W = 0.072 mag,
AF814W = 0.04 mag and, for NGC 4650A, are AF450W =
0.388 mag, AF606W =0.274 mag, AF814W =0.176 mag.
2.4. Completeness test
Completeness tests are important for understanding the photo-
metric depth of the observational data. We obtain completeness
levels as a function of filter and position across the WFPC2 de-
tector by iteratively adding artificial stars and recovering them
with the same photometric techniques as for the science frames.
Artificial stars are added with the addstar task in IRAF
on the combined images for the different filters using the con-
structed PSF model used for photometry. The positions of the
artificial stars are generated from a random seed value for the
random number generator. We use the coordinates of one filter
as a reference input to generate stars with realistic colors in the
other filters based on the stellar models color range. To avoid
image overcrowding we add 100 stars per image and repeat the
process 100 times, thus we add in total 104 artificial stars per
galaxy in each filter. The same photometry procedure described
in § 2.3 is applied to these images (detection and photometry).
The magnitudes of the artificial stars are then calibrated from
instrumental to standard magnitudes using the same zero points
and aperture corrections as for the science frames. The complete-
ness is calculated as the ratio between the numbers of detected
and input stars in a magnitude bin of 0.5 mag. This is shown
in Fig. 2 for NGC 3808, where we fit a function consisting of
two power-law components to the completeness distributions.
The completeness is tested as a function of the three WF fil-
ters (top to bottom panels), as well as a function of the distance
from the galaxy center in three annuli, from 0 to 20′′, from 20′′
tions, filter pass-band, and telescope focus effects. For more details,
http://www.stsci.edu/software/tinytim/tinytim.html
5 No sources were detected on the high-resolution WFPC2/PC chip,
therefore, all reduction and analysis are performed only for the
WFPC2/WF detectors.
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Fig. 2 Top three panels: completeness functions from artificial
star tests for the three different filters for NGC 3808B. Each sub-
panel shows the completeness as a function of distance from
the PRG’s center in three annuli specified in the legend. Bot-
tom panel: the overall completeness at all radii for NGC 4650 A
is shown, where the individual radial incompleteness is nearly
identical to the top three panels (see § 2.4). Dash-dotted horizon-
tal lines indicate the 50% and 90% completeness levels. Solid
curves show the power-law fits to the completeness results.
to 40′′, and beyond 40′′ (shown in each subpanel). At the dis-
tance of NGC 3808 B, 20′′is 3.8 kpc and 40′′is 7.5 kpc. At 0.5
completeness, the bands F450W and F555W reach ' 26 mag,
while F814W is shallower by about 0.6 mag. This has implica-
tions for cluster selection in the three bands. The completeness
for the three different radial annuli shows that the incomplete-
ness significantly increases by about 2 mag toward the inner re-
gions (< 3.8 kpc) of the galaxy because of the increasing surface
brightness. This prevents us from detecting clusters fainter than
about MV >−11 mag projected in the inner regions, whereas we
have the deeper completeness (MV >−9 mag in the galaxy outer
regions (> 3.8 kpc). The radial completeness functions in Fig.
2 are shown only for NGC 3808 and those for NGC 4650 A are
nearly identical, where the incompleteness also drops by about
1-2 mag toward the center with F814W being the shallowest fil-
ter by ' 0.8 mag compared to the other two bands.
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2.5. Artificial star tests
At the distance to the PRGs, star clusters are expected to be un-
resolved, i.e., with size comparable to or less than 10% of the
image PSF for S/N > 30 sources. Only three objects had suf-
ficiently high S/N to attempt to measure their size with ishape,
(Larsen 1999). Therefore, we use the artificial star photometry
from § 2.4 to test colors, magnitude, and sharpness values to op-
timize our selection criteria for unresolved objects. The output
quality parameters from the PSF-fitting procedure allstar are χ
and sharp. The χ is the classical goodness of fit parameter, while
the sharpness value provides quantitative information about the
difference between the object and stellar PSF profiles. For stars
or unresolved objects, the sharpness value is close to zero. Color-
magnitude and magnitude against sharpness diagrams for the
artificial stars are presented in Fig. 3. The color-magnitude di-
agram (top panel) shows the input artificial stars (small, gray
dots) and the detected stars (dark blue solid circles). From the
artificial-stars CMD, it is evident that objects fainter than 26 mag
are no longer detected. The sharpness distribution (bottom panel)
of the sources is very narrow for bright objects and gets broader
toward the faintest magnitudes. To account for this behavior, for
the sharpness-based selection of cluster candidates, we use an
exponential function of the form: f (x) = a × exp(±b × x), where
a and b are constants chosen to bracket the envelope of the ar-
tificial stars sharpness distribution (solid lines in Fig. 3). This
selection criteria for unresolved sources in the images utilizing
the sharpness value helps to weed out a number of contaminating
background galactic bulges, blemishes, and star-forming regions
in the images (see also § 2.7). Small contamination from fore-
ground stars is expected in the color and magnitude range for the
sky position of the WFPC2 field of view. We find that less than
two stars per square arcmin are expected by using the Besançon
Galactic model6 (Robin et al. 2003).
2.6. Photometric metallicity and mass of the PRGs
In order to confine the color range for cluster candidate selec-
tion and subsequently their photometric age, we require prior
knowledge of their likely metallicity. This can be closely ap-
proximated by the host PRG metallicity. Here we use single stel-
lar population (SSP) models as the 2007 update to the (Bruzual
& Charlot 2003), hereafter CB07, to obtain a photometric con-
straint to the PRG metallicity, if not available from the liter-
ature measurement. With a canonical IMF (Kroupa 2001) and
Padova 1994 stellar evolutionary isochrones. The CB07 models
contain WFPC2 magnitude system. For the subsequent analysis,
we also derive total photometric stellar mass of the galaxies us-
ing M/L−color relations (Bell & de Jong 2001; Bell et al. 2003).
The HST imaging data for both PRGs is only available in
the optical and the known age-metallicity degeneracy prevents
simultaneous and accurate calculation of both the age and metal-
licity of individual objects. For NGC 4650A, we adopt the mea-
sured metallicity for the polar disk of Z = 0.2 Z by Spavone
et al. (2010) and derive ages for that metallicity from the SSP
models. For NGC 3808, there are optical spectra available in
SDSS for the nucleus of NGC 3808 B and for a bright HII region
of the donor galaxy NGC 3808 A. These spectra contain strongly
ionized gas emission lines that help us to derive the current gas
abundance. We use the oxygen abundance methods followed in
Spavone et al. (2010), such as the R23 (Pagel et al. 1979) and the
P-method (Pilyugin 2001), with P = R3/R23. The oxygen abun-
6 http://model.obs-besancon.fr/
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sharpness value against their F450W-band magnitude. Red solid
curve indicates the exponential cuts used for selecting unre-
solved objects (see § 2.7).
dance 12 + log(O/H) is estimated using Eq. 2 in Spavone et al.
(2010). For the nucleus of NGC 3808 B, the oxygen abundance
is 12 + log(O/H) = 8.77 dex. For the adopted 12 + log(O/H) =
8.83 dex (Asplund et al. 2004), we obtain that the metallicity for
the nucleus of NGC 3808 B is Z ' 0.87Z. For the HII region on
the spiral arm of NGC 3808 A 12 + log(O/H) = 8.70 dex, which
translates to a gas metallicity of Z ' 0.75Z.
To cross-check the metallicity estimate for the PRGs, we use
the latest optical (B, I) and near-infrared (2MASS: KS ) data in
VEGA magnitude available in the literature for these galaxies
(cf. Table 1). The I−band magnitude for NGC 3808 was trans-
formed from the SDSS DR9 i-band photometry with the trans-
formations in Chonis & Gaskell (2008). The B− I vs I −Ks dia-
gram is shown in Fig. 4 for different ages (1, 3, 5, 10, 14 Gyr) and
metallicities (Z/Z = 0.005, 0.02, 0.2, 0.4, 1.0, 2.5). Red squares
indicate the location of the PRGs and their closest neighbor
galaxies. NGC 4650A metallicity (Z = 0.2Z) agrees with the
mean value derived spectroscopically by Spavone et al. (2010),
which is only representative for the metallicity of the polar disk
and where the majority of the young stellar systems are located.
Its bright neighbor NGC 4650 has a metallicity of about 0.4 Z.
Keeping the photometric uncertainties in mind, NGC 3808 B ap-
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dicated in the figure legend. The typical photometric uncertainty
of the galaxies’ colors, given by SDSS and 2MASS, is about
0.2 mag, and is shown in the bottom right.
pears to be more metal rich (Z = 1− 2.5Z) compared to the
metallicity derived from SDSS spectra (Z = 0.87Z). For the
PR NGC 3808 B, we adopt a mean metallicity of Z = 1Z.
Its companion, NGC 3808A, has a metallicity in the range of
Z = 0.4−1Z, which agrees with the Z = 0.75Z derived from
SDSS spectra. We assume a mean metallicity for NGC 3808 A
of Z = 0.4Z. However, the very low age for this galaxy may
be explained by uncertainties in the apparent B−band magni-
tude. Integrated magnitudes of the PRGs and the galaxies are
prone to internal reddening and inclination uncertainties, which
we do not attempt to account for. These are less important in
the NIR. Therefore, the integrated galaxy color analysis en-
ables us to adopt a proxy metallicity for deriving cluster ages
in NGC 3808B.
To calculate the total galaxy stellar mass, M?,gal, we use
the apparent galaxy magnitude from LEDA as well as u, z, i
SDSS magnitudes for the northern PRG NGC 3808A,B. For
NGC 4650A, we adopt the total apparent magnitudes measured
by Gallagher et al. (2002). To estimate the galaxies’ masses, we
use the M/L−color relations, which are empirically constrained
from a suit of galaxy evolution models for a range of galaxy star
formation histories (Bell & de Jong 2001; Bell et al. 2003). The
derivedM?,gal are tabulated in Table 1. In general, in both cases,
the PRG and the nearest donor galaxy have nearly comparable
stellar masses. In the case of the NGC 3808 system, the galaxies
have a lower mass,M?,gal ≥ 109M, compared to NGC 4650A
and NGC 4650, which are an order of magnitude more massive,
M?,gal ≥ 1010M. We discuss the mass ratios in § 4 in the con-
text of PRG formation.
2.7. Cluster selection criteria
To detect and study the compact stellar systems, we employ in-
formation about the roundness of the detected sources. This al-
lows us to differentiate between unresolved star clusters at the
distance to the studied PRGs from other objects in the field of
view, e.g., extended star complexes and background galaxies.
The sharpness value is a proxy for object’s roundness as it is de-
fined as the difference between the object and PSF FWHMs. The
chosen functional selection limits as a function of object magni-
tude (see Fig. 3 bottom panel) allows us to include sources with
a slightly more extended light profile than the stellar PSF, which
might be the case for the largest globular clusters and ultra com-
pact dwarf galaxies (UCDs); (>20 pc, e.g.; Misgeld et al. 2011).
To additionally help with avoiding background galaxies, we im-
pose color selection limits at F606W − F814W < 1.0 mag and
F450W − F606W<1.5 mag.
The applied selection criteria can be summarized as fol-
lows: First we select objects that are detected in the three fil-
ters with: (i) a distance from the SSP model for an assumed
metallicity in the two-color parameter space of less than 3σ
away from the SSP model in the color-color space. The adopted
distance from the SSP is comparable to the photometric un-
certainty, σdist= 0.227 mag (NGC 3808) and σdist= 0.315 mag
(NGC 4650A); (ii) color error ≤0.2 mag and (iii) round and unre-
solved sources in all filters, using the exponential limits obtained
from the artificial star sharpness distribution (see § 2.5). Because
of the age-metallicity degeneracy, the SSP tracks are parallel (cf.
§ 5) and nearly overlapping, and thus do not have a major effect
on the cluster selection as is the case for their mass determination
(see discussion in § 3.2).
To maximize cluster detection due to variable completeness
in different filters, for a second selection we use objects that are
detected in two filters. We use the two deepest filters according to
the completeness test, which are F450W and F555W or F606W.
In addition to the two-color selection, we use criteria (ii) and
(iii) for selecting CSSs. The final selected cluster candidates are
shown in Fig. 1.
3. Analysis
3.1. Color-magnitude and color-color diagrams
In this section, we analyze the color-color and color-magnitude
distributions of the selected CSS candidates. Color-color dia-
grams for the CSS candidates in both galaxies are shown in Fig.
5. The CB07 isometallicity tracks are shown with solid lines for
ages between 100 Myr to 14 Gyr. For the case of NGC 3808, we
show the metallicity used for the PRG, 1Z derived as described
in § 2.6 and for comparison a metal poor track of 0.02Zodot. A
common feature observed for both galaxies is that most of the
candidates have blue colors, indicating young ages (most with
age < 1Gyr). The color distribution of NGC 3808 objects is con-
centrated around colors 0.4<F450W−F814W < 1.2 mag, while
NGC 4650A objects show a larger spread, extending to a redder
F450W−F814W color. These color distributions suggest a large
spread in age (if all clusters have the same metallicity) or vice
versa, a large spread in metallicity (if all clusters have compara-
bly similar age and formed during the same event). The effect of
unknown internal reddening further add to the uncertainty, and
is shown with an arrow in Fig. 5.
The color-magnitude distribution of the CSSs in the two
PRGs is presented in Fig. 6. For reference, isochrones are shown
with vertical solid lines for ages ranging from 100 Myr to 14 Gyr
from left to right. Along the isochrones, asterisk symbols in-
dicate the masses from 104 to 107M. Although we have con-
strained the possible range in metallicity, the intrinsic galactic
reddening remains uncertain. The magnitude of this effect can
be seen by the arrow in the color-color plots. Further analysis in
terms of age and mass for objects is given in the next section.
We find that NGC 4650A has stellar systems with F606W (V)
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Fig. 5 Color-color diagrams in the F450W −F555W/F606W vs.
F450W − F814W filters of the cluster candidates in both galax-
ies. Top panel: the NGC 3808B stellar systems (the PRG) are
shown with circles and the candidates in NGC 3808A are indi-
cated with squares (the gas donor galaxy). The assumed metal-
licity (see § 2.6) for NGC 3808B, Z = 1Z, is shown with a solid
line. Bottom panel: NGC 4650A cluster candidates are shown
with blue solid circles, and the isometallicity track (Z = 0.2Z)
is plotted with a solid line. For comparison, we show with dashed
line a metal-poor SSP of Z = 0.02Z, typical for an old cluster.
We indicate a few ages along the SSP tracks with labeled crosses.
between 25.8 and 22 mag, i.e, −11 < MV < −7 mag at the dis-
tance of the galaxy. These values are in the typical luminosity
range of bright star clusters and in the low-luminosity range of
UCDs. We discuss in detail the most massive and brightest UCD
candidate, NGC 3808 B-8, in § 4.1. The majority of these sys-
tems are located along the polar disk. This is in agreement with
the magnitudes for the objects found by Karataeva et al. (2004a)
in NGC 4650A.
On the other hand, NGC 3808 contains bright CSSs, most of
which have absolute magnitude around −13 < MV < −9 mag.
The brightest objects in Fig. 5, with MV ' −13 mag, are located
in the spiral arms of NGC 3808A and one object is located on the
polar ring of NGC 3808B. CSSs with luminosities brighter than
MV = −10 mag are good candidates for young globular clusters
and UCDs. As this is the first study investigating the star clus-
ter systems of NGC 3808, we cannot perform a comparison with
the literature. We find that the location of the CSSs is mostly
in the tidal bridge connecting the two galaxies, on the disk of
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Fig. 6 Color-magnitude distribution of all sources in NGC 3808
(top) and NGC 4650A (bottom). Vertical isochrone lines for ages
from 0.1 to 14 Gyr are shown with solid lines for a fixed metal-
licity, Z = 1Z for NGC 3808 and Z = 0.2Z for NGC 4650A.
Along the vertical lines the masses are labeled at a given age.
Completeness at 50% is shown with dashed line. The arrow in-
dicates a reddening of 0.5 mag.
NGC 3808A, and along the polar ring of NGC 3808B. Candi-
dates along the disk may suffer from internal galactic reddening
(see reddening vector in Fig. 5).
3.2. Photometric star cluster age and mass estimates
Photometric ages of the clusters are estimated from interpolation
between object and SSP model colors using a fixed metallicity;
for the assumed metallicities we refer to Sect. § 2.6. The uncer-
tainty in the derived ages are estimated based on the propagation
of the photometric uncertainty. We perform a Monte-Carlo sim-
ulation by drawing 100 random colors from a normal probability
distribution function with a mean corresponding to the observed
color and a standard deviation from the observational color er-
ror. The most robust age estimate at fixed metallicity is for ob-
jects that are detected in all three filters, i.e., two-color informa-
tion is available. Otherwise, age is only obtained from one color
F450W − F555W or F450W − F606W color, (B− V). In Fig. 6,
we show the color-magnitude diagram of cluster candidates de-
tected in the two deepest filters (c.f.§ 2.4), which yields a larger
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Fig. 7 Mass versus age for the cluster candidates in the two
PRGs, NGC 3808 (top), and NGC 4650A (bottom). Red squares
are for NGC 3808A objects and blue circles for NGC 3808B.
The completeness curves at 50% and 90% for the V- and B-
bands are shown with dashed and dotted lines, respectively. Ver-
tical lines show the age bins used to estimate the SFR; see § 3.4.
number of sources compared to Fig. 5. We have corrected mag-
nitudes for Galactic foreground extinction, but no corrections for
intrinsic absorption from the galaxies themselves. Thus, the de-
rived here ages should be considered an upper estimate. Because
the main aim of this paper is to study the star cluster population
associated with the younger, polar-ring structures, it is probably
fair enough that we assumed a SSP model with the same metal-
licity as the PR, i.e., metal-rich (see discussion in § 3.3).
We calculate the mass of the compact stellar systems using
SSP M/LV ratio from CB07 models using object’s age for an
assumed metallicity. We use the luminosities of the clusters cal-
culated using the distance modulus to the galaxies as given in
Table 1. The distribution of the derived CSSs’ age and mass for
both galaxies is shown in Fig. 7. Completeness limits at 50%
and 90% are indicated and are calculated by converting the com-
pleteness function in V band with the SSP M/LV ratio at dif-
ferent ages. This is used to determine the mass completeness
function at an assumed metallicity, Z = 1Z for NGC 3808 and
Z = 0.2Z for NGC 4650A. The incompleteness increases for
the oldest and intermediate mass clusters, as can be seen seen in
Fig. 7.
Both galaxies show a young star cluster population, with
most of them consistent with ages < 1 Gyr. For NGC 3808, the
ages of the tidal bridge objects are < 400 Myr and up to 1.5 Gyr
for stellar systems around the polar ring in NGC 3808B. Reshet-
nikov et al. (1996), using integrated colors of the polar ring of
NGC 3808B, estimate its age to be 1 Gyr, which is consistent
with our results.
For NGC 4650A, the age distribution shows that more than
80% of its detected sources are significantly younger than 1 Gyr
with most of the objects located along the polar disk. A few
sources have colors consistent with ages greater than 1 Gyr.
Their spatial location is close to the central component or in the
outer part of the polar ring. If they belong to the older host galaxy
population their ages would be comparable to the range derived
previously for this component, which is ' 3 − 5 Gyr (Iodice
et al. 2002; Gallagher et al. 2002). The latter age is a luminosity-
weighted age estimate, hence a more luminous younger pop-
ulation would bias toward overall younger age. Given the un-
known extinction, the older clusters may be reddened genuine
older globular clusters. However, Fig. 7 (cf. 90% completeness
limit), shows that we are significantly incomplete in the detec-
tion of the oldest objects(> 10 Gyr), such as globular clusters
with a typical luminosity of MV = −7.5 mag.
We find that the NGC 3808 CSSs have masses from 104M
to 5 × 106M. NGC 4650A contains objects within a mass
range of 103M to 5 × 105M. Stellar systems with masses
below 104M are very young, which can also be contaminant
supergiant stars and very young super star clusters. Karataeva
et al. (2004a) assumed that all such bright sources detected in
NGC 4650 A are blue/red supergiant stars. However, their esti-
mate may be affected by a large number of background sources
because of their very broad range of sharpness(−1 < SHARP <
1). As we showed with the artificial star test in § 2.7 (Fig. 3),
unresolved, point sources have a sharpness value of up to ±0.3.
Therefore, their selection may contain a significant number of
contaminating stellar associations and blemishes in the star-
forming regions, as well as background galaxies, which can give
rise to their high number of blue objects. Our narrower sharpness
selection guarantees that the majority of these are weeded out.
We can safely assume that most of the brightest (MV < −10 mag)
are genuine star cluster candidates because this luminosity im-
plies high-mass blue and red supergiant stars. These stars are
very short-lived, normally a few Myrs, and according to the
comparison with the models, most of our bright sources are
likely older than 50 Myr, thus older than the life of a super-
giant star. However, some of the CSSs are projected onto HII
regions. Given the relatively low surface brightness of these re-
gions, compared to that of the cluster, we do not expect that
strong emission lines (e.g., from Hα) contained in F606W would
strongly contribute to the flux to add a systematic uncertainty to
our age-metallicity estimates.
3.3. Caveats due to age-metallicity degeneracy
As mentioned in § 2.6, the choice of metallicity does not af-
fect our cluster selection because the age-metallicity degeneracy
makes the SSP model trace parallel in the color-color diagram
(see § 2.7 and Fig. 5). Using the same metallicity as the PRGs
for deriving the cluster properties may be a fair assumption to
study the clusters that formed and are associated with the PRs,
however, this choice of metallicity may not be appropriate for the
oldest and metal-poor cluster. As a general test to assess the age
uncertainties due to the choice of metallicity, we estimate the age
of the cluster candidates using the most metal-poor (0.005 Z)
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and the most metal-rich (2.5 Z) SSPs in the CB07 models. The
difference between the clusters’ age obtained from assuming the
metallicity of the PRG and that for a metal poor/rich SSPs is be-
tween ∆t = 1.5 Gyr for the most metal-poor to ∆t = 0.25 Gyr for
the most metal-rich tracks.
We check whether some of the detected clusters could be
genuine old GCs by calculating their ages with a low metallic-
ity track, Z = 0.02Z (i.e., LMC metallicity) and examine the
location of the oldest candidates. We find that there are five can-
didates in NGC 3808 B that have ages older than 2 Gyr. The only
candidate with three-filter (two-color) photometry is the most
massive cluster candidate, which is also located close to the PRG
and its age is 2 Gyr for Z = 0.02Z compared to an age of 1 Gyr
for Z = 1Z. Unfortunately, the ages of the rest of the clusters
are only calculated with two-band photometry (B and V , but not
detected in I due to incompleteness). Thus, their age is calcu-
lated from only one color, which makes it highly uncertain due
to the age-metallicity degeneracy. Three of them are spatially
projected close to the polar ring, including the most massive
cluster in NGC 3808 B, which may suggest that they are more
likely to be metal-rich, bright young clusters. These could be
even brighter if we also account for the internal reddening in
those regions, which is unknown. There are only two candidates
located further from the PRG, which have an age of about 7-
8 Gyr. However, these ages are unreliable because are calculated
using only one color.
There are six clusters in NGC 4650 A with ages greater than
3 Gyr and all with two color information. Four of them have ages
younger than 6 Gyr and two are older than 8 Gyr. However, the
latter are also located close to the polar ring instead of further
out in the galaxy halo, as would be expected for old GCs.
Therefore, we are not really confident that we are indeed de-
tecting some of the oldest, metal-poor halo GCs. In addition the
HST/WFPC2 fields have a very limited coverage of the galax-
ies’ outer regions. These clusters, however, could be considered
intermediate-age cluster candidates, whose more precise age and
metallicity estimate will await a deeper optical-NIR follow-up
observations. Nevertheless, the general discussion and conclu-
sion does not change significantly due to the choice of SSP
metallicity, beyond the fact that 4-8 Gyr old GCs could have
formed during an interaction event 7-8 Gyrs ago out of relatively
unpolluted metal-poor gas. Because our focus is on the analysis
of the star cluster population of the polar rings, we focus our dis-
cussion on the cluster properties’ distributions for similarly high
metallicity as the PRGs, as obtained in § 3.2.
3.4. Estimating the star formation rates of the PRGs
There are number of ways of assessing the SFH of galaxies. To
gain insight into the SFH and assembly of our sample PRGs, we
calculate the SFR via the relation between the mass of the most
massive cluster and the SFR at a given epoch (Larsen 2002; Wei-
dner et al. 2004). As mentioned in § 1, this empirically calibrated
relation reflects the fact that intensive SFR leads to the forma-
tion of a higher number as well as to more massive clusters. The
method has been successfully tested in deriving the LMC SFH
(cf. § 1; Maschberger & Kroupa 2011) and applied to other mas-
sive galaxies (Bastian 2008; Georgiev et al. 2012).
We reconstruct the SFH of NGC 3808 and NGC 4650A fol-
lowing similar approaches as in Bastian (2008); Georgiev et al.
(2012). From the photometrically derived masses of the CSSs,
we select the most massive objects in age bins of 200 Myr for
ages younger than 0.9 Gyr and 1 Gyr bin for ages older than
0.9 Gyr for both PRGs. These age bins are shown with verti-
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Fig. 8 Star formation rate vs. the age of the most massive clus-
ter within the respective age bin indicated with light vertical
dashed lines. The interacting system NGC 3808 is shown with
red squares (donor galaxy) and blue circles (PRG), respectively.
Black triangles indicate the PRG NGC 4650 A.
cal lines in Fig. 7 and 8 and are chosen to be comparable to the
uncertainties of the derived ages. We use Eq. 7 in Weidner et al.
(2004) to estimate the SFR from the mass of the most massive
cluster in those age bins. The mass loss due to stellar evolution
was calculated from the M/LV values at 10 Myr with Bruzual &
Charlot (2003) SSP models. We did not attempt to correct for
dynamical mass loss because we lack exact knowledge on the
orbital parameters of the clusters. That defines the efficiency of
tidal shocks on cluster mass loss due to encounters with giant
molecular clouds, shocks from crossing the galactic disc and/or
close passages to the nucleus/bulge depending on orbit eccen-
tricity. Relaxation driven mass loss, on the other hand, is not ex-
pected to be too significant for massive clusters. This effect has a
dependence of mass described by d(M/M)/dt = −(M/M)1−γ/t0
(Baumgardt & Makino 2003; Lamers et al. 2010). The index γ
varies from 0.65-0.8 according to N-body simulations, depend-
ing on the initial density distribution, and t0 is the dissolution
parameter that depends on the environment.
In Fig. 8 we show the derived SFRs as a function of the age
of the most massive cluster in a given age bin. NGC 3808A has
two well-pronounced peaks of star formation at around 1 Gyr
(' 130M/yr) and 400 Myr (' 120M/yr). The strongest peak
of SFR at around 1-2 Gyr also corresponds with the strongest
peak of SFR in NGC 3808B (SFR' 208M/yr). The temporal
coincidence of the two peaks is in support of the tidal interac-
tion triggered star formation. In addition, the most massive star
cluster in NGC 3808 B, with an age of 1-2 Gyr, is located in the
polar ring. A similar estimate of 1 Gyr for the age of the polar
ring is obtained by Reshetnikov et al. (1996) from the analysis
of optical colors for solar metallicity.
To obtain an independent estimate of the current SFR of these
galaxy pairs, we searched for available data in a broader wave-
length range, for instance Hα and FUV. The Hα flux were mea-
sured by Gavazzi et al. (2006). For the PR NGC 3808 B, the
LHα = 5.9 × 1041 erg/s, using the SFR−Hα relation (Hunter &
Elmegreen 2004) and AHα = 0.811 AV , we calculate a present-
day SFRHα ' 3.7 M/yr. For the donor galaxy NGC 3808 A, the
LHα = 8.5 × 1041 erg/s, thus it has a current SFRHα ' 5.3 M/yr.
For available NED data in FUV, we use Kennicutt (1998) to de-
rive the current SFR for NGC 3808 B of SFRFUV = 0.29M/yr
for LFUV = 2.07 × 1027 erg/s. For NGC 3808 A we find
Article number, page 9 of 15
A&A proofs: manuscript no. main
SFRFUV = 1.27 M/yr. This shows a similar trend as obtained
from Hα, i.e., the donor galaxy has a higher SFR than that of
the PR galaxy. These SFR values are higher than the typical
present-day SFR values of starburst dIrr galaxies (e.g.; Hunter
& Elmegreen 2004; Georgiev et al. 2006), confirming the tidally
triggered mode of star formation.
The SFR history of NGC 4650A is measured up to a look-
back time of 5 Gyr because of the strong incompleteness at older
ages (cf. Fig. 7). The peak value of the SFR is < 10M/yr. This
incompleteness comes from the photometric depth of our data
and the limited spatial covering of the HST/WFPC2, which ham-
pers the detection of lower mass/older clusters in the PRs, e.g.,
along the host galaxy’s halo component. Therefore, with the cur-
rent data we cannot directly probe the SFR at the very first epoch
of star formation, which triggered the formation of NGC 4650A
PR, similar to our approach for NGC 3808B. Deeper and multi-
wavelength spectroscopic and imaging observations are required
to probe the earliest epochs of star formation of NGC 4650A.
The current SFR for the polar ring of NGC 4650 A, obtained
from Hα luminosity, is SFR=0.06M/yr (Spavone et al. 2010).
The available FUV measurement in NED for NGC 4650 A is
LFUV = 4.93 × 1025 erg/s, yielding SFRFUV = 0.007M/yr. The
nearby spiral galaxy (NGC 4650) has LFUV = 1.56× 1026 erg/s,
yielding SFRFUV = 0.022 M/yr. There is a difference in the
FUV-based SFR estimates, where the current SFR of the PRG
NGC 4650 A is 30% that of the NGC 4650. If we normalize to
the total, galaxy baryon mass (stellar plus HI) translates to a
specific SFR (sSFR) of 1.56 × 10−13yr−1 for NGC 4650 A and
3.93 × 10−14yr−1 for its companion. Therefore, we find that the
sSFR is larger for the polar disk galaxy than for NGC 4650.
In general, we observe that the earliest epoch of star forma-
tion in both galaxies attained the strongest SFRs. Subsequently,
more recent star formation episodes proceeded with a lower
SFR, reflected in the formation of clusters with lower mass. The
low present-day SFR is confirmed, for the case of NGC 3808B,
from the SFR calculated based on Hα flux. We discuss in § 4 the
possible implications for the formation channels of the PRGs.
4. Discussion
In the following, we discuss the implications for the SFH and
formation channels of the PRGs, based on their star cluster sys-
tem properties.
4.1. Star cluster populations and evolutionary stage of the
PRGs
The interacting system, NGC 3808A-B, is at an early stage in
the formation of its polar ring. This is evidenced by the low
surface brightness stream connecting the two galaxies (cf. Fig.
1 and 9). The size of the forming ring around NGC 3808 B
is comparable to the optical diameter of the host. We observe
the formation of young and massive compact stellar systems
as a consequence of this tidal interaction evidenced by their
presence not only in the main galaxy body, but also along the
polar ring and the tidal bridge. These clusters are young and
fairly massive with an age of ≤ 1.5 Gyr and mass in the range
≥ 104M − 5 × 106M. The most massive clusters are can-
didates to become globular clusters surviving cluster dissolu-
tion processes such as galactic tidal shocking and internal stel-
lar evolution mass loss. The tidally triggered burst of star and
cluster formation is also supported by the temporal correla-
tion of the star formation rate peaks at 1-2 Gyr, for both galax-
ies, NGC 3808 A and the PRG NGC 3808 B. That is, the tidal
Fig. 9 Projected distance between the PRG and the closest
neighbor galaxy. Top panel: WFPC2 image of the binary inter-
acting system, NGC 3808. The most massive cluster is pointed
out with a blue circle, which is located on the forming po-
lar ring. Bottom panel: SDSS color image for NGC 4650A and
NGC 4650.
encounter 1-2 Gyr ago triggered a strong burst of star forma-
tion required for the formation of clusters of such mass, i.e.,
' 130M/yr (NGC 3808 A) and ' 208M/yr (NGC 3808 B).
The most massive star cluster, NGC 3808 B-8 (cf. Table .1), is
spatially projected onto the tidal debris and will likely remain
on a closed orbit around NGC3808 B (cf. Fig. 9).This will, how-
ever, have to await spectroscopic confirmation. Its apparent lu-
minosity is VF555W = 22.47 mag, which will make spectroscopic
follow up challenging, but not impossible. NGC3808 B-8 has a
signal-to-noise of S/N= 28, which makes it just high enough to
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attempt to measure its size. For that, we use the software pack-
age ishape (Larsen 1999), which fits the object’s profile with an
analytic profile (King, EFF) using a WFPC2 PSF and a charge
diffusion kernel specific to the image filter and position on the
detector, which we generate with the TinyTim software package
(Krist & Hook 2004; Krist et al. 2011b). Larsen (1999) demon-
strated that for objects with a S/N≥ 30, one can reliably mea-
sure the object’s effective radius, down to a size of 10% of the
FWHM of the stellar PSF. At the distance to NGC3808 B and a
WFPC2 FWHMPS F = 1.82 pix this suggests that we can mea-
sure a size if the object has a intrinsic size greater than 8.54 pc.
We obtain an effective radius for NGC 3808 B-8 in the three
filters from a best-fit King profile with a low concentration of
C = rt/rc = 5 of reff = 18.98+1.71−4.83; 25.23
+1.43
−2.01; 29.50
+2.20
−29.37 pc
in the F450W, F555W and F814W filters, respectively. We can
therefore conclude that we are confident with the measurement
in all filters, comparing with our resolution limit of 8.54 pc. Such
a mild increase (< 10%) of the reff with increasing wavelength
is expected as a result of different stellar population, which have
been previously observed in other compact stellar systems, such
as nuclear star clusters, first by Kormendy & McClure (1993),
later by Matthews et al. (1999) and Georgiev & Böker (2014)
and massive star clusters, e.g., Puzia et al. (2014) and confirmed
in Carson et al. (2015). NGC 3808 B-8 mass (M = 4.6×106M)
and size (rF555W,eff = 25.2 pc) places this object in the region
of observed massive and young UCDs and/or UCD progenitors.
NGC3808 B-8 has a photometric age of t ' 1 Gyr, which im-
plies that for an assumed solar metallicity and a Kroupa IMF,
the CB07 SSP models give a mass loss of about 27% due to stel-
lar evolution from 1 to 14 Gyr. That is, the passive evolution of
NGC3808 B-8 will result in a final cluster mass of 3.3 × 106M
as well as a decrease in size by about 30% Baumgardt & Makino
(2003), i.e., rF555W,eff ' 17.5 pc. This will place this object in the
area of observed UCDs and will support the idea that they can
form during galactic tidal interactions (Hilker 2009; Mieske et al.
2012; Norris et al. 2014; Taylor et al. 2015). The most massive
compact object in the more massive galaxy, NGC 3808 A-18, has
a slightly smaller mass,M = 3.6 × 106M, and an older age of
t ' 1.2 Gyr. We cannot measure its size because it is fainter and
with a smaller S/N (cf. Table .1).
NGC 4650 A has a polar ring that is more than twice as ex-
tended (about 21 Kpc in projected diameter, see Fig. 1) than the
host galaxy with about 7.5 Kpc projected diameter. The polar
structure in this galaxy is a disk in differential rotation and strong
spiral arms (Arnaboldi et al. 1997) whose kinematics is best re-
produced when the principal plane of the dark halo is aligned
with the polar disk (Combes & Arnaboldi 1996). There is no in-
dication for an ongoing interaction with a nearby companion as
in the case of NGC3808 B. The nearest companion, NGC 4650,
is nearly 65 Kpc away (three times the diameter of the PR) and,
in the next section, we discuss when a possible interaction could
have taken place based on the projected distance and the epochs
of peak SFR used as a lookback time. The stellar systems that we
observe in NGC 4650 A are ≤5 Gyr, and that is mostly due to in-
completeness at old ages. In fact, the young clusters (≤100 Myr)
and with low masses 103 − 104M are located along the polar
ring and close to H II regions. This indicates that the most re-
cent star formation episode in the PR proceeded at a much lower
pace. Their location in the PR and low masses suggest that these
objects will probably not survive for more than few ten Myrs
owing to mass loss from stellar evolution and from additional
tidal shocking. On the other hand, a number of clusters with ages
≥ 500 Myr have masses larger than 5 × 104M and have thus a
better chance to survive as bound systems over a Hubble time
and become globular clusters. The most massive clusters found
in this PRG have a mass of about 5 × 105M and are an order of
magnitude less massive than those we observe in NGC3808 B.
This is probably largely due to the incompleteness at old ages.
We thus cannot probe the earliest phase of PR formation in the
same way as we witness it in NGC3808 B. The earliest burst of
star formation shown in Fig. 8 for NGC 4650A (black triangles)
is up to a lookback time of 5 Gyr (the oldest cluster that we ob-
serve). The amount of HI along the polar ring is ' 8 × 109M
(Arnaboldi et al. 1997). This relatively high HI mass implies that
star cluster and field star formation can possibly continue.
The large difference in the values of peak SFR between the
two PRGs is in support of their different evolutionary stages,
where NGC3808 B is younger and in the process of formation,
while NGC 4650 A is older. However, deeper observation in the
optical and near infrared are required to obtain a more complete
census of the oldest cluster populations around the PRGs and
thus to probe their earliest phases of formation. It is however
clear that we do not observe any classically old GCs with MV .
−9 mag or brighter UCD-type objects.
4.2. Implications for the tidal PRG formation scenario
Here we discuss whether the timing between the peak of the star
clusters’ age distribution is in accordance with a single fly-by
tidal interaction or possibly with a more periodic tidal interaction
between the galaxies in close binary system.
As discussed above, the ages of the star clusters in
NGC 3808 B suggest that the massive clusters formed as con-
sequence of a recent starburst event. We explore the possibility
that the tidal interaction between NGC 3808 A and B led to their
formation is also in general a viable mechanism that can lead to
the formation of PRGs. For this analysis, we use the peak SFR
age as a lookback clock for the past interaction, and the pro-
jected distance between the galaxies to calculate the travel speed
that would cover that distance for that time. We compare this to
numerical simulations of PRG formation.
The current separation between the two galaxy components
in the NGC 3808 system is ' 27.5 Kpc (see Fig. 9). Considering
that the two galaxies have roughly the same radial velocities, we
assume that they are moving only perpendicularly to the line of
sight. Therefore, we can estimate the required tangential veloc-
ity to cover the projected distance between the two galaxies for a
time that equals the most recent epoch of peak SFR (see Fig. 8).
Hence, vt is 24.5 km/s. This velocity compares well with the ex-
pectations of the numerical simulations by Bournaud & Combes
(2003) in which they try to explain the formation of the PRG in
a tidal interaction fashion. They refer to this velocity as the rel-
ative velocity before the encounter. A simple estimation of the
orbital period, using the current distance between the two galax-
ies as the semimajor axis and the photometric mass derived in
this study, gives us a period of P' 3.5 Gyr.
The closest neighbor to NGC 4650 A, which has nearly iden-
tical radial velocity, is the S0 galaxy, NGC 4650 (Fig. 9 bottom
panel). Their projected separation is about 65 kpc and NGC 4650
could be a good candidate to provide a significant mass of gas
for the formation of the polar ring of NGC 4650 A. However, it
is unclear whether this is indeed the case because earlier 21cm
line observations did not observe an HI bridge between these
galaxies which is expected for tidally interacting galaxies (Arn-
aboldi et al. 1997; van Driel et al. 2002). The best example for
HI streams connecting interacting galaxies is the M 81-M 82-
NGC 3077 system, which is however much closer to us, at about
4 Kpc, and the galaxies are more closely packed in space. Thus,
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the expected HI bridge connecting NGC 4650 A and NGC 4650
might be stretched to low surface brightness over the large sepa-
ration between the galaxies and, therefore, fall below the detec-
tion limits of those studies. Unfortunately, the ages of the star
cluster population cannot probe the fly-by encounter scenario
between these two galaxies because we are incomplete at old
ages and thus insensitive to the earliest/first epoch of the for-
mation of this PRG. We therefore cannot conclude in support
or against the tidal interaction scenario for NGC 4650 A. Deeper
observations covering NIR wavelengths will greatly help to date
the first burst of SF that formed the PRG and whether that is
consistent with a fly-by encounter. Finding multiple peaks in the
age distribution of the star cluster population, as opposed to a
more continuous age distribution or a single peak, could suggest
that NGC 4650 A may be on a closed (eccentric) orbit around
NGC 4650. With this in mind, we can calculate what might be
the orbital periods assuming that both galaxies are gravitation-
ally bound (for a' 65 Kpc separation, the period is P' 2Gyr). If
the orbital period matches the peak age of the star clusters’ age
distribution this would imply that it is not a single fly-by tidal
interaction event, but rather episodic. However, an episodic tidal
encounter between the galaxies will make the polar ring dynami-
cally unstable and will likely be destroyed in few orbital periods.
Apparently, the NGC 4650 A polar ring has been stable for the
last Gyr or so, as evidenced by the oldest star clusters that we
observed in the ring. Therefore, it is unlikely that NGC 4650 A
is on a close orbit around NGC 4650 A and we favor a single fly-
by event for this system.
For NGC3808 A-B system, the duration of the active phase of
interaction with mass transfer suggested by Reshetnikov et al.
(1996) is in agreement with our estimates from the analysis of
the compact stellar systems. The majority of the cluster ages
are within 0.2-1 Gyr and the highest peak of star formation
is attained for both NGC3808 members between 0.4 Gyr and
1 Gyr. According to the analysis carried out by Reshetnikov et al.
(1996), these galaxies are gravitationally bound. However, with
our current data (only radial velocity) we cannot confirm that the
members are in closed circular orbits. An important factor that is
favorable for mass transfer is the low relative velocity between
the two members (vt = 24.5 km/s), estimated with the infor-
mation that they have nearly identical radial velocities and that
our cluster-based analysis suggests a peak of SFR around 1 Gyr.
With our data alone, it is unclear, whether the mass transfer and
thus its PRG in formation will remain stable.
In general we can conclude that in order to have a stable and
old (> 1 Gyr) polar ring like that observed around NGC 4650 A
a fly-by tidal encounter is favored over a periodic closed-orbit
interaction. This could also explain why PRGs are not that com-
monly observed, i.e., possibly only fly-by tidal encounters with
the right geometric and velocity properties of the encounter
could result in the formation of a stable PR. We are not in the po-
sition to exclude the HI accretion formation scenario, however,
deeper and wider-angle HI observations would show whether the
PR can form from an intergalactic reservoir of HI as suggested
in earlier studies (Brook et al. 2008; Spavone et al. 2010; Iodice
2014).
5. Conclusions
We used archival HST/WFPC2 imaging in the optical filters
F450W, F555W or F606W and F814W to study the compact
stellar systems of two galaxies, NGC 3808B and NGC 4650A,
which are classified as classical examples of polar ring galaxies.
They are in different evolutionary stages as far as the polar ring
is concerned. We performed artificial star tests to determine the
completeness of the data and define star cluster selection crite-
ria based on the object profiles. The data are used to study the
color-magnitude and color-color distribution of star clusters. We
have estimated the ages of the clusters based on their colors and
their masses using M/L ratios from the Bruzual & Charlot (2003)
SSP models at an adopted metallicity (see § 2.6). Using the clus-
ter mass corrected for stellar evolution mass loss and the max-
imum cluster mass-galaxy SFR relation (Weidner et al. 2004;
Maschberger & Kroupa 2011), we derive the SFR and the SFH
of the PRGs to test the tidal formation scenario. Our main find-
ings are as follows:
1. We find young star clusters along the polar ring in
NGC 3808B with ages up to 1 Gyr and as massive as
5 × 106M. We find the size of this most massive clus-
ter, NGC 3808 B-8 of rF555W,e f f ' 25 pc. Its passive evolu-
tion placeS it in the mass-size region where UCDs are ob-
served. In NGC 4650 A we observe clusters with a wide age
spread (few Myr up to 5 Gyr). The most massive star clus-
ter in NGC 4650 A is about 5 × 105M, however, the data is
severely incomplete toward older ages (cf. Fig. 7). We thus
find evidence that the brightest most massive clusters are po-
tential candidates to become GCs or UCDs.
2. The peak SFR derived from the most massive cluster in
NGC 3808 B is 208M/yr in the age bin 1-2 Gyr (Fig. 8).
This is confirmed by strong infrared and Hα emission found
by Reshetnikov et al. (1996). Our estimate for the SFRHα is '
0.13M/yr. The SFR analysis for NGC 4650 A shows lower
peak SFRs than that in NGC 3808 B with a peak SFR of
10M/yr. However, we are insensitive to the earliest periods
of star formation.
3. From the analysis of the peak epoch of star formation and the
apparent separation between the galaxies we conclude that a
fly-by tidal encounter is possible to form a stable and old
polar ring, which has been also shown by numerical mod-
els. A periodic close-orbit tidal encounter is unlikely for
NGC 4650 A as it may well render the polar ring dynami-
cally unstable.
Making progress in our understanding of the formation of
these PRGs, and on the formation of such galaxies in general,
will require complementing the optical data with follow-up near-
IR observations. This will allow us to better constrain cluster
ages and masses, and assess the internal extinction and there-
fore break the age-metallicity degeneracy. This will enable us
to properly age, date, and trace back the first interaction event
that most likely lead to the PRG formation. Furthermore, new
detailed spectroscopic observations are required to resolve the
kinematic state of the NGC 3808 B PR system, as well as to con-
firm membership of our candidates.
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Table .1. Photometric measurements of selected star clusters candidates for NGC 3808.
ID RA,Dec (2000) F450W0 F555W0 F814W0 V0 Age Mass
[hh:mm:ss],[dd:mm:ss] [mag] [mag] [mag] [mag] [Myr] [104M]
(1) (2) (3) (4) (5) (6) (7) (8)
NGC3808B-1 11:40:43.74 22:26:44.9 25.34±0.09 25.21±0.09 24.57±0.16 25.19±0.09 240.85±48.09 13.98± 1.77
NGC3808B-2 11:40:45.95 22:27:16.7 24.87±0.11 24.36±0.13 23.82±0.12 24.33±0.13 795.19±301.58 70.85±11.62
NGC3808B-3 11:40:44.95 22:26:42.5 24.35±0.07 24.15±0.08 23.67±0.11 24.14±0.08 249.16±75.49 37.49± 6.15
NGC3808B-4 11:40:45.58 22:26:59.8 25.14±0.10 24.95±0.10 24.53±0.13 24.94±0.10 187.87±76.14 15.84± 2.05
NGC3808B-5 11:40:45.26 22:26:47.9 23.98±0.12 23.69±0.11 22.91±0.13 23.67±0.11 583.36±329.81 103.59±15.54
NGC3808B-6 11:40:44.60 22:26:26.8 25.40±0.09 25.07±0.11 24.54±0.16 25.05±0.11 497.98±310.92 26.01± 3.84
NGC3808B-7 11:40:47.88 22:26:59.7 24.89±0.13 24.80±0.09 24.13±0.13 24.79±0.09 27.39±15.91 6.08± 3.34
NGC3808B-8 11:40:44.34 22:26:51.9 22.98±0.09 22.47±0.08 21.60±0.08 22.45±0.08 1052.00±609.32 467.04±52.22
NGC3808B-9 11:40:43.47 22:26:35.5 26.25±0.13 26.09±0.15 · · · 26.08±0.15 233.19±130.17 6.07± 1.15
NGC3808B-10 11:40:43.95 22:26:37.9 25.92±0.13 25.79±0.15 · · · 25.78±0.15 211.94±113.22 7.76± 2.78
NGC3808B-11 11:40:44.77 22:26:54.6 24.48±0.14 24.43±0.15 · · · 24.42±0.15 28.64±19.50 8.84± 4.56
NGC3808B-12 11:40:45.01 22:26:40.9 25.42±0.11 25.23±0.09 · · · 25.22±0.09 274.16±227.50 14.53± 3.67
NGC3808B-13 11:40:45.31 22:26:48.9 23.68±0.17 23.45±0.11 · · · 23.44±0.11 422.02±239.78 103.03±17.99
NGC3808B-14 11:40:45.39 22:26:49.4 24.25±0.15 23.72±0.13 · · · 23.69±0.13 1316.20±737.29 194.16±26.26
NGC3808B-15 11:40:44.73 22:26:18.1 25.67±0.14 25.59±0.15 · · · 25.58±0.15 26.16±23.19 2.86± 1.70
NGC3808B-16 11:40:46.72 22:26:49.9 25.19±0.11 24.78±0.12 · · · 24.76±0.12 889.26±534.58 52.14± 8.33
NGC3808B-17 11:40:44.48 22:26:19.0 25.80±0.13 25.55±0.11 · · · 25.53±0.11 466.26±320.33 16.02± 6.03
NGC3808A-1 11:40:45.11 22:25:51.7 25.39±0.13 25.02±0.11 24.57±0.13 25.00±0.11 473.04±182.73 22.42± 2.32
NGC3808A-2 11:40:44.92 22:25:45.5 24.45±0.10 24.18±0.12 23.45±0.09 24.17±0.12 466.86± 220.01 47.83± 5.35
NGC3808A-3 11:40:43.17 22:25:52.9 22.20±0.06 21.99±0.05 21.25±0.06 21.97±0.05 367.57±118.58 308.11± 0.16
NGC3808A-4 11:40:44.54 22:25:40.9 22.52±0.14 22.32±0.12 21.44±0.11 22.31±0.12 390.51±284.15 237.34± 0.26
NGC3808A-5 11:40:45.32 22:26:02.4 25.22±0.14 24.97±0.13 · · · 24.96±0.13 422.32±244.52 21.89± 0.27
NGC3808A-6 11:40:43.75 22:25:58.5 25.22±0.15 24.89±0.14 · · · 24.87±0.14 621.58±293.49 29.32± 3.93
NGC3808A-7 11:40:43.52 22:25:55.8 25.38±0.15 25.10±0.16 · · · 25.08±0.16 491.20±315.93 21.16± 3.15
NGC3808A-8 11:40:45.33 22:25:41.8 25.05±0.11 24.86±0.11 · · · 24.85±0.11 257.18±152.16 16.74± 1.81
NGC3808A-9 11:40:43.15 22:25:54.5 24.79±0.13 24.56±0.15 · · · 24.54±0.15 389.65±243.38 30.32± 4.21
NGC3808A-10 11:40:44.98 22:25:42.1 24.62±0.12 24.46±0.13 · · · 24.45±0.13 226.61±212.31 22.94± 2.89
NGC3808A-11 11:40:43.13 22:25:52.6 25.39±0.14 25.51±0.10 · · · 25.52±0.10 5.22±3.23 0.72± 0.0673
NGC3808A-12 11:40:44.49 22:25:35.6 25.23±0.13 25.26±0.17 · · · 25.27±0.17 9.48±3.19 1.43± 0.225
NGC3808A-13 11:40:42.88 22:25:45.3 25.34±0.17 24.96±0.11 · · · 24.94±0.11 778.83±343.53 31.45± 3.41
NGC3808A-14 11:40:44.35 22:25:35.9 25.11±0.15 24.78±0.13 · · · 24.76±0.13 643.80±287.01 33.10± 4.11
NGC3808A-15 11:40:44.10 22:26:03.5 25.38±0.17 25.16±0.13 · · · 25.14±0.13 354.32±459.83 16.15± 2.08
NGC3808A-16 11:40:44.64 22:25:36.7 24.32±0.15 24.27±0.16 · · · 24.27±0.16 21.37±7.49 7.46± 1.13
NGC3808A-17 11:40:44.92 22:26:10.6 24.27±0.10 24.10±0.12 · · · 24.08±0.12 233.80±183.17 32.47± 3.67
NGC3808A-18 11:40:43.65 22:25:52.8 23.09±0.17 22.58±0.13 · · · 22.55±0.13 1233.90±347.40 327.51± 4.10
NGC3808A-19 11:40:43.55 22:25:49.6 23.22±0.09 23.15±0.11 · · · 23.15±0.11 23.61±6.78 21.90± 2.36
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Table .2. Photometric measurements of selected star clusters candidates for NGC 4650A.
ID RA,Dec (2000) F450W0 F606W0 F814W0 V0 Age Mass
[hh:mm:ss],[dd:mm:ss] [mag] [mag] [mag] [mag] [Myr] [104M]
(1) (2) (3) (4) (5) (6) (7) (8)
NGC4650A-1 12:44:51.21 -40:43:06.7 25.12±0.10 24.95±0.12 24.84± 0.13 24.99±0.13 14.65± 11.49 0.59± 0.18
NGC4650A-2 12:44:50.43 -40:43:14.7 23.21±0.09 22.86±0.07 22.60± 0.08 22.95±0.08 162.53± 51.21 11.52± 1.51
NGC4650A-3 12:44:49.23 -40:43:00.2 23.20±0.10 22.81±0.11 22.17± 0.11 22.92±0.11 480.87±169.37 23.44± 5.19
NGC4650A-4 12:44:49.27 -40:43:11.8 24.57±0.12 24.16±0.10 23.62± 0.11 24.27±0.11 427.99±100.62 6.25± 0.80
NGC4650A-5 12:44:48.84 -40:43:04.7 24.05±0.11 23.81±0.11 23.49± 0.13 23.88±0.12 109.40± 18.71 4.24± 0.63
NGC4650A-6 12:44:49.81 -40:43:35.2 25.35±0.11 25.52±0.12 25.12± 0.16 25.48±0.13 4.74± 2.15 0.11± 0.09
NGC4650A-7 12:44:47.73 -40:43:08.1 24.75±0.10 24.03±0.09 23.34± 0.11 24.23±0.10 1180.18±827.40 10.62± 3.83
NGC4650A-8 12:44:47.25 -40:43:18.3 25.37±0.12 24.92±0.13 24.38± 0.11 25.05±0.14 509.67±373.71 3.42± 0.75
NGC4650A-9 12:44:50.69 -40:43:33.0 24.29±0.10 23.82±0.10 23.30± 0.11 23.95±0.11 541.65±357.42 9.78± 2.30
NGC4650A-10 12:44:49.59 -40:43:17.2 23.73±0.13 23.46±0.11 23.25± 0.10 23.53±0.12 138.04±140.68 6.21± 2.17
NGC4650A-11 12:44:48.65 -40:43:10.2 25.11±0.15 24.31±0.09 23.65± 0.11 24.53±0.11 1214.93±906.05 7.62± 1.16
NGC4650A-12 12:44:52.69 -40:43:30.5 25.44±0.13 25.20±0.11 · · · 25.26±0.11 113.82±101.24 1.19± 0.66
NGC4650A-13 12:44:49.64 -40:43:12.0 24.43±0.13 24.36±0.12 · · · 24.38±0.12 12.70± 10.79 0.80± 1.34
NGC4650A-14 12:44:49.43 -40:43:12.7 24.25±0.09 24.13±0.13 · · · 24.16±0.13 14.88± 10.43 1.32± 0.93
NGC4650A-15 12:44:48.99 -40:43:01.5 23.78±0.14 23.36±0.12 · · · 23.47±0.12 436.46±252.64 13.19± 2.84
NGC4650A-16 12:44:49.51 -40:43:21.6 24.32±0.13 23.95±0.12 · · · 24.05±0.12 263.78±180.57 5.20± 2.50
NGC4650A-17 12:44:50.06 -40:43:49.8 24.92±0.09 25.15±0.13 · · · 25.09±0.13 2.77± 2.57 0.27± 0.48
NGC4650A-18 12:44:52.22 -40:43:13.0 24.67±0.10 24.80±0.08 · · · 24.77±0.08 4.04± 3.13 0.13± 0.88
NGC4650A-19 12:44:52.09 -40:43:54.6 25.20±0.12 25.36±0.14 · · · 25.32±0.14 3.91± 2.82 0.09± 0.37
NGC4650A-20 12:44:49.07 -40:43:10.3 24.70±0.08 24.93±0.11 · · · 24.86±0.11 2.78± 1.97 0.32± 0.68
NGC4650A-21 12:44:53.35 -40:43:47.4 24.95±0.12 24.47±0.12 · · · 24.60±0.12 616.95±280.93 5.78± 1.05
NGC4650A-22 12:44:51.00 -40:42:41.7 24.12±0.10 23.30±0.10 22.70± 0.11 23.53±0.10 1834.72±1264.65 36.42± 7.45
NGC4650A-23 12:44:47.08 -40:42:23.9 24.88±0.11 24.00±0.10 23.30± 0.09 24.25±0.11 5105.40±3777.45 43.79±10.66
NGC4650A-24 12:44:47.95 -40:42:17.7 23.56±0.12 23.28±0.12 22.56± 0.11 23.36±0.13 323.28± 207.62 11.65± 5.90
NGC4650A-25 12:44:47.41 -40:42:09.9 24.33±0.13 23.66±0.12 22.98± 0.13 23.85±0.14 1152.98±880.74 15.75±30.36
NGC4650A-26 12:44:45.62 -40:42:01.3 23.64±0.09 23.44±0.07 23.15± 0.11 23.50±0.08 26.60± 15.41 2.87±3.24
NGC4650A-27 12:44:48.90 -40:42:28.7 24.23±0.10 23.53±0.11 23.01± 0.11 23.73±0.12 1087.40±880.43 18.00± 8.73
NGC4650A-28 12:44:48.73 -40:42:22.1 23.48±0.10 23.05±0.10 22.64± 0.09 23.17±0.10 316.30±312.48 13.64± 6.44
NGC4650A-29 12:44:47.33 -40:42:35.8 24.67±0.11 24.55±0.10 · · · 24.58±0.10 14.84±12.52 0.89± 0.95
NGC4650A-30 12:44:48.37 -40:42:25.5 23.24±0.09 23.14±0.11 · · · 23.17±0.11 13.91±17.67 2.85± 3.32
NGC4650A-31 12:44:45.58 -40:42:14.8 23.17±0.13 23.28±0.14 · · · 23.25±0.14 3.39±2.69 0.56± 3.74
NGC4650A-32 12:44:48.36 -40:42:39.4 23.30±0.14 22.89±0.11 · · · 23.01±0.11 403.03±317.28 19.31± 4.10
NGC4650A-33 12:44:47.00 -40:42:26.5 22.85±0.08 22.32±0.07 · · · 22.47±0.07 713.95±492.60 44.73± 8.27
NGC4650A-34 12:44:48.82 -40:42:29.3 23.86±0.15 23.50±0.12 · · · 23.60±0.12 257.47±159.29 7.73± 2.32
NGC4650A-35 12:44:45.85 -40:42:14.2 24.22±0.14 24.04±0.12 · · · 24.09±0.12 53.32±30.66 2.49± 1.36
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